Background and Purpose-Futile recanalization after acute ischemic stroke occurs in almost half of the patients despite optimal angiographic results. Multimodal neuroimaging may help to improve patient's selection but is still dismissed by many interventionalists. Our aim was to evaluate the accuracy of each parameter of multimodal computed tomography (CT) and their combination for predicting futile recanalization after successful thrombectomy. Methods-We retrospectively reviewed a cohort of consecutive patients with anterior circulation stroke, fully assessable multimodal CT, and successful recanalization. Nonenhanced CT, CT angiography source images, cerebral blood volume (CBV), cerebral blood flow (CBF), and mismatch CBV-CBF maps were studied by Alberta Stroke Program Early CT Score (ASPECTS); collaterals on CT angiography were graded as poor or good (≤50% or >50% of the middle cerebral artery territory). Futile recanalization was defined as modified Rankin Scale score >2 at 3 months despite successful recanalization. Results-One hundred fifty patients were included and 57% of them had futile recanalization. They had lower ASPECTS on nonenhanced CT, CT angiography source images, CBV, CBF, and mismatch CBV-CBF and presented more frequently poor collaterals (all P<0.001). Among them, CBV showed the highest area under the curve (0.83; 95% confidence interval, 0.76-0.88). In multivariate analyses, CT angiography source images ≤5 (odds ratio, 5.1; 95% confidence interval, 1.2-21.9), CBV≤6 (odds ratio, 3.5; 95% confidence interval, 1.2-9.7), and poor collaterals (odds ratio, 8.6; 95% confidence interval, 1.8-41.7) were independent predictors of futile recanalization. A combined score of these 3 parameters added complementary information: 57% of the patients with score-1, 89% with score-2, and 100% with score-3 had futile recanalization. Reclassification analyses indicated that this score improved prediction of futile recanalization. Conclusions-In this population, a combined multimodal CT score predicted futile recanalization.
R ecanalization is strongly associated with improved functional outcomes and reduced mortality in patients with acute stroke, but reopening of large arteries may not achieve effective tissue reperfusion, may occur too late, or even may exacerbate tissue injury by reperfusion phenomenon. 1 The so-called futile recanalization concept refers to those patients who present poor clinical outcomes despite an adequate vessel recanalization. 2 Although the mechanical thrombectomy devices and reperfusion techniques in acute ischemic stroke keep rapidly evolving and achieve higher recanalization rates, a significant number of successfully treated patients do not experience clinical improvement after thrombectomy. This fact has been related not only to several nonmodifiable factors, such as age, hypertension, stroke severity, proximal occlusion, and time from symptom onset, 3 but also to the underestimation of the ischemic injury on conventional neuroimaging before thrombectomy. [4] [5] [6] Relevant studies by experienced neurovascular groups have shown the added value of advanced neuroimaging in showing the extension of the ischemic lesion. [7] [8] [9] Despite these facts, many interventional neuroradiologists still do not take into account the relevant information that can be achieved
Stroke
September 2015 from multimodal CT or MR, and a significant number of patients are often taken to the angio-suite without advanced imaging to show if treatment has a chance to succeed. This fact can be because of unfamiliarity with the advanced imaging techniques or the misbelief that they delay the thrombectomy and thus aggravate the ischemic injury. The Alberta Stroke Program Early CT Score (ASPECTS) is a semiquantitative scoring system developed to select patients eligible for intravenous thrombolysis (IVT) with nonenhanced CT (NECT). 10 Some authors have applied ASPECTS to perfusion CT (CTP) parametric maps and CT angiography source images (CTA-SI) [11] [12] [13] trying to achieve a better selection of patients for reperfusion therapy. Collateral flow analysis with CTA has also been studied as a predictor of functional outcome.
14 However, the practical usefulness of these radiological parameters remains poorly established because most of the studies enrolled a small number of patients with a wide spectrum of clinical characteristics and reperfusion strategies (intravenous or intra-arterial thrombolysis, mechanical thrombectomy, failed and successful recanalization, etc). Moreover, the complementary value of these parameters has not been previously studied. Accordingly, in the present study, we sought to evaluate the value of each multimodal CT ASPECTS parameter and collaterals on CTA for the prediction of clinical outcomes in stroke patients successfully treated with mechanical thrombectomy, and to evaluate whether the combination of these parameters provide additional information compared with isolated ones.
Materials and Methods

Study Population and Design
From January 1, 2012 to June 30, 2014, a total of 212 mechanical thrombectomies were performed at our center. For the purpose of the study, we only reviewed the patients with anterior circulation strokes, successful recanalization, and fully assessable multimodal CT studies. Among the initial 212 patients, 62 were excluded: 26 due to nonanterior strokes, 11 to nonsuccessful recanalization, and 25 to incomplete multimodal CT. The final study population consisted of 150 patients. The baseline and clinical data of those patients excluded by incomplete imaging were compared with the rest of the population to rule out a possible bias (Table I in the online-only Data Supplement). All patients were treated following the current stroke and imaging protocol running at our center.
Stroke Protocol
At our center, candidates for IVT are selected according to the National Institute of Neurological Disorders and Stroke 15 and the Third European Cooperative Acute Stroke Study criteria. 16 Indications for thrombectomy include (1) rescue therapy, performed when IVT is not accompanied by a clinical response in the first 60 minutes (improvement in National Institute of Health Stroke Scale [NIHSS] score ≥4); and (2) primary thrombectomy, in patients with large cerebral vessel occlusions who arrive at hospital between 4.5 and 8 hours after symptom onset. Large cerebral vessel occlusions must be previously confirmed by CTA, which is routinely performed as part of the multimodal CT protocol (see below). Contraindications for thrombectomy included significant clinical improvement after IVT and general conditions or premorbidities that precluded general anesthesia. Before entry to angio-suite, all patients or relatives give informed consent. All procedures are performed under general anesthesia, femoral approach, and initial diagnostic angiography to confirm the location of the clot. Thrombectomy is performed either using a stentriever or thromboaspiration system, and an additional carotid angioplasty or stenting is used when considered necessary by the neurointerventionist in charge. Recanalization is assessed on the control angiogram following Thrombolysis in Cerebral Infarction (TICI) classification.
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Multimodal CT Protocol
All multimodal head and neck CT examinations are performed on a 64-multidetector CT scanner (LightSpeed Pro 64, GE Healthcare, Milwaukee, WI). The imaging protocol includes NECT, CTA, and CTP performed in this order. Whole brain NECT is performed with axial 5-mm slice thickness from the skull base to the vertex, using parameters of 120 kVp, 250 mAs, 5 mm collimation, 4 images per rotation, 20 mm detector coverage, and 0.8 s rotation time. CTA is obtained after a 50 mL bolus of intravenous contrast agent (Ultravist 300, Bayer, Leverkusen, Germany) at a rate of 4 mL/s, followed by a 30 mL saline flush. Dynamic bolus tracking technique (Smart Prep) is used to optimize imaging acquisition at peak contrast arrival, and it is performed with a delay of at least 25 s using manual triggering. Scanning parameters are 120 kVp, 160 mAs, 0.625-mm slice thickness, pitch/velocity (mm/rot) 0.98:1 to 39.37, detector coverage 40 mm, and coverage speed 78.75 mm/s. For CTA-maximum intensity projection images, axial CTA-SI are reformatted as 20-mm thick slabs in the axial and coronal planes. CTP is performed covering an 8-cm slab in 16 adjacent 5-mm slices. Patient centering is performed using NECT anatomic references, including always basal ganglia and supraganglionar levels. The scan begins 7 s after the administration of 50 mL of contrast agent at a rate of 4 mL/s followed by 30 mL saline flush. The parameters used are 80 kVp, 300 mAs, 16 images of 5 mm thickness in 2 sets of 8 images of 5 mm thickness (using axial shuttle technique, 8 images of 5 mm per rotation), rotation time 0.4 s, detector coverage 40 mm, and 23 acquisitions, with a total exposure time of 18.45 s. Data set is transferred to an image processing workstation for postprocessing (Advantage Workstation 4.6 GE Healthcare). All perfusion maps are generated using a semiautomatic perfusion analysis software package with deconvolution computational algorithms (CTP 4D, GE Healthcare). The maps studied in our center protocol are cerebral blood volume (CBV), cerebral blood flow (CBF), and mean transit time.
Collected Data
Registered baseline characteristics were retrospectively collected in the 150 patients of the study population, including age, sex, hypertension, diabetes mellitus, dyslipidemia, smoking habit, atrial fibrillation, and anticoagulant treatment. Stroke parameters as pathological subtype, occluded vessel, side of occlusion, and admission NIHSS were also registered. To ascertain 3-month modified Rankin Scale (mRS), all the medical records of the patients were carefully reviewed, and when necessary the patients or their relatives were contacted by telephone to obtain clinical status. Stroke subtypes were divided into atherothrombotic, cardioembolic, arterial dissection, and undetermined (when no pathogenesis could be found or when ≥2possible pathogeneses were found). Site of vessel occlusion was classified in middle cerebral artery, intracranial internal carotid artery, or tandem occlusions. Procedure parameters collected were time from symptoms onset to groin puncture, time to reperfusion (from symptoms onset to final recanalization), and time of procedure (from groin puncture to final recanalization). Successful recanalization was defined as grades 2b-3 in the TICI scale.
Neuroimaging Analyses
All multimodal CT images were retrospectively reviewed by 3 experienced neuroradiologists blinded to clinical, procedural, and followup data. The review protocol was performed following usual order in which stroke studies are evaluated at our center: first NECT images, followed by CTA and CTA-SI, and finally CTP color maps. Two readers reviewed all the 150 patients separately and then the results were compared; in case of discrepancy in ASPECTS punctuation on any multimodal parameter, the third reader was consulted to seek consensus. Hypodensity on NECT in each ASPECTS region, diminished contrast enhancement areas on the CTA-SI, and delay on CBV and by guest on July 25, 2017 http://stroke.ahajournals.org/ Downloaded from CBF perfusion maps compared with the contralateral hemisphere were considered abnormal. The ASPECTS mismatch was calculated by the subtraction between the CBV and CBF ASPECTS values. The evaluation of collateral flow was performed by CTA-maximum intensity projection images to assess the presence of vessels in the sylvian fissure region and the leptomeningeal convexity in the affected hemisphere. We establish 2 grades after comparison with the contralateral (nonsymptomatic) side: poor collaterals (≤50% of the middle cerebral artery territory) and good collaterals (>50%).
Statistical Analyses
Normally distributed data are presented as mean±SD and non-normally distributed data as median and interquartile range. Categorical variables are expressed as percentages. Categorized analyses were performed according to the mRS at 3 months of follow-up (mRS score ≤2 versus mRS score >2). Differences in baseline characteristics were compared using the Student t test or the Mann-Whitney U test for continuous variables and the χ 2 test for categorical variables. Receiver operating characteristic curve analysis was performed to determine the area under the curve of ASPECTS parameters for predicting the bad mRS. The optimum cutoff value was identified as the point on the receiver operating characteristic curve that maximized both sensitivity and 1-specificity. We calculated odds ratios (OR) and 95% confidence intervals (CI) derived from the logistic regression analysis to identify predictors of 3-month mRS. The independent effect of both radiological and clinical variables on the mRS was calculated using multivariate logistic regression analyses, incorporating all covariates with P<0.05 on univariate analysis. A new ordinal variable was built on the basis of a combined radiological score. This score included all radiological parameters associated with bad outcome in the multivariate regression analyses and ranged from 0 to 3 points (one point was assigned for each parameter). Finally, to test the hypothesis that this combined radiological score would improve the predictive accuracy of a model containing only clinical variables, we evaluated c-index, net reclassification improvement, and integrated discrimination improvement, as described by Pencina et al. 18 Statistical significance was set at P<0.05. Statistical analysis was performed using the SPSS version 18.0 for Windows (SPSS Inc, Chicago, IL).
Results
For the purpose of the study, the 150 patients were divided into those who presented a mRS score >2 at 3 months of follow-up (futile recanalization) and those with an mRS score ≤2.
Baseline Characteristics Analyses
The main clinical and neuroimaging results in both groups are listed in Table II in the online-only Data Supplement. At 3 months of follow-up, a total of 85 patients (57%) had a mRS score >2. These patients were older, had more frequently hypertension and higher pretreatment NIHSS score (P=0.002, P=0.047, and P<0.001 respectively). They also presented lower ASPECTS parameters than those with mRS score ≤2: 7 (7-9) points versus 9 (8-10) points for NECT, 6 (4-7) versus 7 (6-8) for CTA-SI, 6 (4-7) versus 7 (7-8) for CBV, 2 (0-3) versus 2 (2-3) for CBF, and 4 (3-5) versus 5 (4-6) for mismatch CBV-CBF ASPECTS (all P<0.001). Poor collaterals were more frequent in patients with mRS score >2 (41.9% versus 3.1%; P<0.001). There were no differences between the 2 groups regarding time of procedure, time of revascularization, time from symptom onset to groin puncture, pathogenesis, occluded vessels, or previous IVT. Tertile analyses of all ASPECTS parameters examined as a function of mRS score >2 (Figure 1) revealed that there was a graded increase in poor clinical outcomes with decreasing all ASPECTS parameters (Table III in 
ROC Analyses
The optimal accuracy and cutoff points of ASPECTS parameters (NECT, CTA-SI, CBV, CBF, and mismatch CBV-CBF) regarding 3-month mRS was defined in the receiver operating characteristic curve analyses ( Figure 2 ). As detailed in Table  IV in the online-only Data Supplement, CBV ASPECTS had the highest area under the curve (0.83; 95% CI, 0.76-0.88), with an overall performance significantly superior to other parameters, followed by CTA-SI ASPECTS (0.78; 95% CI, 0.70-0.84). 
Combined Parameter Analysis and Score
The results of the combination of CTA-SI≤5 points, CBV≤6 points, and poor collaterals to predict futile recanalization can be seen in Figure 3 , which shows the percentage of patients with a mRS score >2 according to the proposed combined radiological score. In adjusted analyses, for each point in the combined score (from 0 to 3) a significantly higher risk of mRS score >2 (per point: OR, 4.3; 95% CI, 2.5-7.5; P<0.001) was observed. In reclassification analysis, we found that the combined score added complementary information to a model containing only clinical variables. The relative integrated discrimination improvement from the addition of combined score to clinical model was 52% (P<0.001), whereas the net reclassification improvement was 37% (P=0.002). The probability of correctly predicting the mRS when combined radiological score was added to clinical model was reflected in the percentage of no-events (25%) and the percentage of events correctly reclassified (12%). Furthermore, the addition of the combined score was associated to a significant improvement of the C-index, which step from 0.78 (95% CI, 0.70-0.84) to 0.89 (95% CI, 0.83-0.93); P<0.001.
Discussion
This study assesses the complementary value of both multimodal CT ASPECTS parameters and collaterals on CTA for the prediction of clinical outcomes in stroke patients successfully treated with mechanical thrombectomy. Our results show that CTA-SI ASPECTS, CBV ASPECTS, and poor collaterals are prognostically meaningful and provide highly valuable information for predicting futile recanalization. Furthermore, these 3 parameters are better predictors of futile recanalization than either NECT, CBF, or mismatch CBV-CBF ASPECTS, add complementary prognostic information to other established prognostic markers, such as age and NIHSS score, and when used together in a combined score even provide superior risk stratification. Despite the evidence provided by several studies published in the last decade, many neurointerventionists still do not seem to take into much consideration the possible role of multimodal imaging in the selection of patients, leaving out that unless we improve patient selection, most bad outcomes will be related to futile recanalization. 19 The [20] [21] [22] has finally addressed the relevance of endovascular treatment in patients with acute stroke, and the selection of patients by neuroimaging has been advocated as one of the main reasons for that success. However, the percentages of futile recanalization in these trials are still high (29%-68%), and previous studies as Diffusion and Perfusion Imaging Evaluation for Understanding Stroke Evolution-2 Study (DEFUSE, DEFUSE-2), Mechanical Retrieval and Recanalization of Stroke Clots Using Embolectomy Study (MR-RESCUE), and other series of cases [23] [24] [25] [26] [27] [28] have shown confounding results when comparing penumbra or mismatch imaging with clinical outcome. These contradictory results are probably being influenced by several factors, especially the inclusion of patients with both failed and successful recanalizations, the use of different intra-arterial therapies as thrombolytic drugs or mechanical devices, and the variability in the imaging protocols performed.
Following this rationale, we focused on a series of 150 patients who were all successfully treated with mechanical thrombectomy and tried to find reliable markers of futile recanalization using multimodal CT imaging. Our results confirm a clear relation between all the parameters included and bad clinical outcome in univariate analysis, but only CBV≤6, CTA-SI≤5, and poor collaterals remained as independent predictors after multivariate logistic regression. Interestingly, the mismatch between CBV-CBF did not remain as independent predictor of futile recanalization, which can be because of the ambiguous value of this parameter. For instance, a mismatch of 4 points between CBV and CBF ASPECTS can either imply a good (CBV 10-CBF 6) or an awful (CBV 5-CBF 1) prognosis.
The combination of these 3 independent parameters added complementary value for the prediction of bad clinical outcome. As can be seen in Figure 3 , the isolated value of CTA-SI≤5, CBV≤6, or poor collaterals predicts futile recanalization in 57% cases. However, when 2 of these parameters are present, the predictive value increases to 89%, and when 3 parameters are together, all the patients present a 3-month mRS score >2. These results can be translated into a simple score (Figure 3 ) that permits to grade the probability of futile recanalization based on the values of the combined multimodal CT parameters. Besides its easiness and predictive value, other potential advantage of this score is its quickness to obtain. Multimodal CT are performed nowadays in most of the stroke centers, barely take a few minutes of scanning more than NECT, and ASPECTS and collaterals calculations can be steadily obtained by neuroradiologists and trained fellows.
The limitations of our study are similar to those of any single-center retrospective observational study. First, the relatively small number of patients included makes it difficult to draw firm conclusions. Although multivariable logistic regression analyses were used to adjust for heterogeneity between groups, residual unmeasured confounding factors may be present. Second, the review methodology of readers might introduce potential bias: readers were blinded to clinical and procedural data, but were aware of the nature of the study; all multimodal parameters were reviewed together in each patient, so there could be influence of interpretation of any on the others. Third, the use of single-phase CTA with newer generation scanners may sometimes overlook slow collaterals that need late contrast scanning to be evaluated. The implementation of upgraded imaging protocols with multiphase CTA or collaterals assessment on CTP-SI could improve the correlation with futile recanalization by more accurately detecting the irreversible ischemic lesion. Fourth, the CBV punctuation and mismatch CBV-CBF as calculated in our study may not correspond exactly nor can be used as equivalents of the classic magnetic resonance imaging concepts of core and penumbra. And finally, relevant measures like the clot density or clot burden, which have been related to reperfusion rates and clinical outcome, 29 have not been performed in this study and would probably improve the accuracy of this model for prediction of futile recanalization. Larger studies are necessary to confirm and validate whether the prognostic value of this combined multimodal CT score is independent of or additive to that of other clinical and biochemical risk factors for futile recanalization.
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